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• Preheating in selective electron beam
melting affects properties of the powder
bed and additive manufacturing (AM)
parts.

• X-ray computed tomography and
image-based modelling were used to
evaluate properties of the powder bed
and AM parts in 3D.

• The preheated powder bed has an an-
isotropic microstructure, exhibiting a
low thermal conductivity along its
build direction.

• High preheating has a minimal effect on
part density but it decreases the build
accuracy and microhardness of the AM
parts.
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Two-stage preheating is used in selective electron beammelting (SEBM) to prevent powder spreadingduring ad-
ditive manufacturing (AM); however, its effects on part properties have not been widely investigated. Here, we
employed three different preheat treatments (energy per unit area, EA) to a Ti-6Al-4V powder bed. Each
standalone build, we fabricated a large block sample and seven can-shaped samples containing sintered powder.
X-ray computed tomography (XCT)was employed to quantify the porosity and build accuracy of the can-shaped
samples. The effective thermal conductivity of the sintered powder bed was estimated by XCT image-based
modelling. Themicrostructural andmechanical properties of the block samplewere examined by scanning elec-
tronmicroscopy andmicrohardness testing, respectively. The results demonstrate that increasing EA reduces the
anisotropy of tortuosity and increases the thermal conductivity of the sintered powder bed, improving the heat
transfer efficiency for subsequent beam-matter interaction. High preheat has a negligible effect on the porosity of
large AM components; however, it decreases the microhardness from 330 ± 7 to 315 ± 11 HV0.5 and increases
the maximum build error from 330 to 400 μm. Our study shows that a medium EA (411 kJ m−2) is sufficient to
produce components with a high hardness whilst optimising build accuracy.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
Fig. 2. SEBM samples showing: (a) 7 can-shaped samples (a side-view inset shows an
example of a high-preheat can-shaped sample) and a block sample, and (b) a CAD
drawing and a X-Z cross-sectional view of the can-shaped sample. Note: X/Y is the lateral
direction and Z is the build direction.
Ti-6Al-4V is widely used in the aerospace and biomedical sectors
owing to its high strength toweight ratio, excellent corrosion resistance,
and biocompatibility [1]. However, Ti-based alloys are generally difficult
to machine owing to their low thermal conductivity and high hardness
at elevated temperature, leading to high tool wear and hence expensive
machining [2]. Powder bed fusion (PBF) additive manufacturing (AM)
technologies, such as selective electron beam melting (SEBM), fuse
powder particles together using a focused heat source to build a near-
net shaped component, layer by layer, directly from a computer-
generated model [3,4], reducing the need of machining.

In AM, build components are subjected to a rapid heating and
cooling cycle, with a high thermal gradient along their build direction,
they partially result in high residual stresses [5], distortion, and poor di-
mensional accuracy [6]. These components may also exhibit undesired
build features, e.g. porosity [7] and spatter [8,9] owing to the complex
beam-matter interaction [10], powder oxidation [11] and melt flow be-
haviour [12]; an anisotropic microstructure due to rapid solidification
[13]; and high surface roughness [14,15], impairing their fatigue perfor-
mance [16] and preventing the adoption of AM technologies for safety-
critical components. Understanding the relationship between the AM
process and resultant part properties is crucial for process and product
optimisation.

In SEBM, the beam energy is mainly controlled by adjusting the
beam current applied to the electron gun under high vacuum (10−1–
10−3 Pa) and the beam focus is adjusted by magnetic coils. For the
Arcam EBM process, the machine first lowers its build platform, next it
spreads the powder on the build platform, it then applies a default
two-stage preheat (referred to as preheat 1 and 2) by scanning across
the powder bed first with a low power density electron beam which is
controlled by the beam current, scan rate, and beam focus [17], and
then uses a focused beam for subsequent melting. [18,19].

The main purpose of preheating is to prevent build failure caused by
charging of electrons, commonly referred to as “smoke” among SEBM
users, it is also known as powder spreading [20–23], powder pushing
[24] or powder blowing. Previous studies show preheating can increase
the effective mechanical strength [17,25], electrical, and thermal conduc-
tivity (λeff) [19,26] of the sintered powder, improving the beam-matter
interaction efficiency [27], and hence a lower beam current can be used
for subsequent melt scans. [21] It also reduces the formation of balling
[17,28] and lowers the thermal gradient during melting, reducing distor-
tion, warpage, and in-built residual stresses in AM components
[19,20,29]. Sigl et al. [22] identified three disadvantages of preheating:
Fig. 1.Top viewschematic of the SEBMbuild chamber showing thepreheating andmelting stage
the electron beam sinters the area of the sample section region plus a region of 5mm from its bo
2 contour passes with a line offset (L0) of 0.35 mm between them. It then fills the rest of the s
(1) it increases the overall build time and energy consumption; (2), it re-
quires an extra post-processing step to remove the lightly sintered parti-
cles, and (3) itmay limit the detail of the build features because the lightly
sintered particles are difficult to remove in complex internal geometries.
All three disadvantages can be effectively controlled by employing a suit-
able preheating strategy, which has been overlooked in the literature.

To date, there have been no comprehensive studies of preheating ef-
fects on the build quality of SEBMcomponents, including the dimensional
accuracy, resultant microstructures (e.g. defects), and mechanical
s: (a) base sinter - the electron beamrasters across the entire powderbed, (b) local sinter–
undary, and (c)melting - the electron beammelts the boundary of the sample section using
ample section with a hatch pass with L0 = 0.2 mm.



Table 1
Beam parameters in SEBM for the low, medium and high base sinter preheat runs.

Preheat stages Base sinter
(preheat 1)

Local sinter
(preheat 2)

Accelerating Voltage, Ue (kV) 60 60
Beam current, Ib (mA) 30 38
Scan velocity, Vsc (m s−1) 14.6 14.6
Line energy, Eline (J m−1) 123.3 156.2
Line offset, L0 (mm) 1.2 1.2
Size of the preheat area (mm2) 190 × 190 Varied
Scan repetitions 2 4 8 1
The applied preheat energy per unit area, EA (kJ m−2) 206 411 822 –
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properties, therefore, this subject requires a better understanding. X-ray
computed tomography (XCT) has been widely used in AM for non-
destructive metrology [6,15,30] and for product quality assessment
[7,30–32]. Here, we examine and elucidate howpreheat conditions affect
the build quality of AM components using a combination of XCT, image-
based modelling, scanning electron microscopy (SEM), and micro-
hardness testing.

2. Experimental methods

2.1. Powder materials

A gas atomised Ti-6Al-4V powder (TLS Technik GmbH & Co.
Spezialpulver KG, Germany) was selected for this study owing to its
use across a wide range of aerospace and biomedical applications. The
Ti-6Al-4V powder morphology was characterised at 20 kV using a
SEM (JEOL JSM-6610LV, Japan) in backscattered-electron mode. The
powder size distribution (PSD) was determined by a laser diffraction
particle size analyzer (Malvern Mastersizer 3000, UK) equipped with a
dry dispersion unit.

2.2. The selective electron beam melting (SEBM) process

Weexamined the preheating effects using an Electron BeamMelting
A2XX system (ArcamEBM, Sweden) located in theManufacturing Tech-
nology Centre (MTC, UK). The A2XX system operated at a vacuum
Fig. 3. Neck and powder size quantification routine: (a) region of interest (ROI) extracted from
watershed algorithm [36]. Border kill function applied on (b) to form (c), powder image. (d
formed by (d)–(c), following by connected component analysis to deduce (e) the neck size
powder particles (semi-transparent). Scale bars are 100 μm, except in the inset image.
pressure of b2 × 10−3 mbar and maintained in the vacuum controlled
mode. After lowering the stainless steel baseplate, the rake system of
the SEBMmachine applied a 70 μm thick powder layer on the substrate.
Next, the powder layer was preheated and then locally melted by an
electron beam. The layer cycle of lowering the build platform, powder
raking, preheating and melting was repeated multiple times to build
up the components.

As illustrated in Fig. 1, preheating comprises two stages, namely a
base sinter and a local sinter, referred to as ‘preheat 1’ and ‘preheat 2’
in the ARCAM process, respectively [26]. In the base sinter, the electron
beam with an estimated spot size of 800 μm lightly sinters the powder
particles over a wide area (Fig. 1a) whereas in the local sinter the elec-
tron beam is only scanned across the region of the sample section
(Fig. 1b). In ARCAMEBMmachines, the preheating temperature ismon-
itored by a K-type thermocouple attached at the bottomof the baseplate
whichmeasures the baseplate's temperature rather than the top layer of
the powder bed or the AMpart and hence this cannot be used to control
the process. The target preheat temperature is set to 730 °C (a default
ARCAM parameter) [7]. After that, a highly focused electron beam
with a spot size of ca. 300 μm fuses the sintered Ti-6Al-4V powder to-
gether using a default melt scan strategy (illustrated in Fig. 1c). During
the melting process, the preheating temperature at the top layer is cal-
culated from the EBM software algorithm (ARCAM A2XX EBM control
software ver. 3.2). Lastly, a post-heating stage is applied to the powder
bed,maintaining it at high temperature, slowing down the rapid cooling
effect, see details in ref. [33]. According to the log file, the electron beam
stays on in all processing stages except for powder raking.

In this study, we produced 3 separate SEBM builds; each compris-
ing seven can-shaped samples and a block sample (Fig. 2a) using ei-
ther 2, 4 or 8 scan repetitions in base sinter (referred to as low,
standard and high preheat, respectively). The standard preheating
is based on ARCAM A2XX EBM control software ver. 3.2 with the 70
μm themewhereas the others are user modified preheating schemes.
The can-shaped sample has an outer diameter of 3 mm, a height of
3 mm and a wall thickness of 1 mm (Fig. 2b). It was designed to pre-
serve the sintered powder (only subjected to the two-stage
preheating) from damage during sample handling. Its diameter was
set to achieve a high-resolution X-ray computed tomographic analy-
sis. The block sample was 90 mm long (X), 14 mm wide (Y), and
17 mm tall (Z).
the can-shaped sample, and then separated into (b) individual powder particles by the
) Closing applied on (c) to form the sintered powder image. The sintered neck image
and (f) powder size; (g) illustrates the sintered necks (coloured) connected with the



Fig. 4. Powder characterisation: (a) backscattered-electron image of Ti-6Al-4V powder showing mostly spherical shaped particles and (b) the PSD measured by laser diffraction analysis.
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The SEBM process parameters are summarised in Table 1, wherein
the line energy (Eline) was calculated by Eline ¼ Ue�Ib

Vsc
, indicating the ap-

plied heat input in SEBM, i.e. the higher the Eline the higher the heat
input. The applied preheat energy per unit area (EA) [26] in base sinter
was calculated by: EA ¼ Eline

L0
� number of scan repetitions.
2.3. Can-shaped samples

2.3.1. X-ray computed tomography (XCT)
All samples were removed from the stainless steel substrate by

electrical discharge machining. The can-shaped samples were then
scanned by X-ray computed tomography (XCT) to study: 1) the
preheating effects on the build accuracy (or build errors) of the addi-
tive manufacture (Section 2.3.2.1); 2) the porosity inside the sample
Fig. 5. Build errors for SEBM can-shaped samples under different preheat conditions: (a) 3D
overlaid with a surface of the can-shaped sample (labelled with a colour map of build error
shaded region highlights the mean build error ± two standard deviations.
wall (Section 2.3.2.2); and 3) the characteristics of the sintered pow-
der bed within the sample (Section 2.3.2.3).

Five out of seven samples for each preheat conditionwere examined
using a XTH 225 X-ray tomography system (Nikon, Japan) located at the
ResearchComplex atHarwell (RCaH, UK). EachXCT scanwasperformed
at 80 kV and 81 μA, comprising 3142 radiographic projectionswith a 1 s
exposure time per projection. All XCT scans were reconstructed using
filtered back projection and beam hardening correction algorithms em-
bedded in CT Pro3D (Nikon, UK). The voxel size of the reconstructed
volume is 2.7 × 2.7 × 2.7 μm3.

2.3.2. Image processing and quantification
The reconstructed image volumes were post-processed and quanti-

fiedby Avizo 7.0 (ThermoFisher Scientific, USA). Firstly, the input image
volumewas deblurred by a factor of 3, i.e. unsharpmasking, for contrast
visualisation of the build error result, where the surface of the reference image (grey) is
s). The build errors plots for (b) low, (c) standard and (d) high preheat conditions. The



Table 2
Detail summary of the pore size analysis performed on the solid walls of the can-shaped
samples (Fig. 6b).

Preheat Pore volume
fraction (%)

Mean equivalent
diameter (μm)

Max equivalent
diameter (μm)

D10

(μm)
D50

(μm)
D90

(μm)

Low 0.18 ± 0.04 23 ± 2 214 7 18 41
Standard 0.16 ± 0.02 21 ± 1 218 7 17 38
High 0.15 ± 0.04 21 ± 1 214 7 17 38

Fig. 6. 3D rendered XCT images of the can-shaped sample: (a) external structure, (b) a section view showing sintered powder in the core (grey) and pores (other colours) inside thewall,
(c) and a segment showing the pore position in the sample wall (labelled by magenta colour) and (d) the pore fraction analysis.
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enhancement and image sharpening. Secondly, a 3D median filter with
a kernel of 3 × 3 × 3was applied to all image volumes for noise removal.
Thirdly, the Ti-6Al-4V phase was segmented from the filtered image
using the Otsu threshold [34], resulting in a (scanned) binarised image
volume.

2.3.2.1. Quantification of build errors. To assess the build errors of SEBM
components, we imported the CAD drawing of the can-shaped sample
into Avizo and segmented it to obtain a reference binary image. A 3D
flood-fill operation was applied to the scanned and reference binarised
images. After that, we registered the scanned image to the reference
image based on the centre of mass. 3D surfaces were then generated
for all registered and reference images. Finally, we quantified the build
errors by determining the nearest distance between the surfaces of
the registered and reference images.

2.3.2.2. Quantification of porosity. To quantify the porosity of the can-
shaped samples, we applied a boolean negation operator to the thresh-
old images, inverting all the zeros to ones and vice versa. We then per-
formed a connected component analysis on the resultant image [35],
only accounting for pores located in the sample wall, because only the
sample wall underwent preheating and melting.

2.3.2.3. Quantification of the sintered powder. We extracted a virtual re-
gion of interest (ROI) of 300 × 300 × 300 voxels (equivalent to 0.81 ×
0.81 × 0.81 mm3) from the core of the can-shaped samples. We ex-
tracted a further one-ninth of the sub-volume to demonstrate the quan-
tification routine (Fig. 3). Atfirst, we performed a connected component
analysis on the ROI (Fig. 3a) to obtain the volume fraction of the sintered
powder (Pf) calculated by dividing the total number of labelled voxels
(of the powder) over the total number of voxels in the ROI. Secondly,
we separated the sintered powder into individual powder particles
(Fig. 3b) using the watershed algorithm [36,37] and then removed
any particles that were in contact with the image border using the bor-
der kill function in Avizo, resulting in a powder image (Fig. 3c). The latter
operation was used to reduce the quantification error for subsequent
powder size analysis. We then applied a morphological close operation
of 1 voxel to re-join the powder particles (Fig. 3d). This was followed by
subtracting Fig. 3d from Fig. 3c to obtain an image of the sintered necks.
Lastly, we performed a connected component analysis on the sintered
neck and powder images to quantify the neck size (dneck) (Fig. 3e), pow-

der size (dpowder) (Fig. 3f), and the neck size ratio, Nr ¼ dneck
dpowder

. The con-

nected component analysis was used to filter out any objects
containing b5 voxels to minimise quantification errors [38]. Fig. 3g
and the inset show the proposed image quantification routine and the
spatial resolution of the XCT scans can effectively quantify the size and
shape of the sintered neck between powder particles. We also deter-
mined the coordination number of the individual powder particles
using an in-house python script, see details in the Supplementary infor-
mation. The coordination number represents the total number of parti-
cles that are in contact with an individual particle. Lastly, we calculated
the mean coordination number (Cn) for each preheat condition.



Table 3
Sinter characteristics and λeff estimated using the Gusarov's approximation [27].

Preheat Volume fraction of
the sintered
powder, Pf

Average
coordination
number, Cn

Neck
size
ratio, Nr

Effective thermal
conductivity, λeff

(W
m−1 K−1)

Low 0.43 ± 0.03 4.6 0.30 1.4 ± 0.2
Standard 0.48 ± 0.01 5.1 0.33 1.5 ± 0.1
High 0.47 ± 0.01 5.0 0.33 1.6 ± 0.1
Reference Simple cubic: 0.52

[45]
6 0–0.3

[45]
1–2.5 [26]
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2.4. Image-based modelling

The beam-matter interaction, melting and solidification in SEBM are
governed by the heat transfer mechanism, and hence the effective ther-
mal conductivity λeff of the powder bed. According to Gusarov et al. [27],
we can estimate λeff:

λeff ¼ λbulk
P f � Cn � Nr
� �

π ; ð1Þ

where the bulk thermal conductivity (λbulk) of Ti-6Al-4V at room tem-
perature is ~6.2 W m−1 K−1, [39] Pf, Cn, and Nr are dimensionless pa-
rameters that describe the morphology of the sintered powder (see
details in methods Section 2.3.2.3).

Gusarov et al. [27] considered the dimensionless morphological pa-
rameters of the sintered powder, taking into account the average, rather
than the localmicrostructural properties, excluding the effect of thermal
diffusivity (α) between individual powder particles. To gain a better un-
derstanding of the heat transfer mechanism, we performed a heat flux
simulation on the sub-volume powder image (e.g. Fig. 3a) using an
open source application, TauFactor [40] in MATLAB (Mathswork Inc.,
USA). This allowed us to estimate τ per orthogonal axis as well as
along individual powder particles, providing the missing information
from the Gusarov's approximation. To simplify our results, we deter-
mined the characteristic tau factor (τc) by averaging τ values from all
axes, and then calculated the tau factor anisotropy (στ) by averaging
the sum of squared differences between τc and τ per orthogonal axis,
see details in previous work [41].

The effective thermal diffusivity (αeff) could then be calculated by:

αeff ¼ α0
ετ ð2Þ

where α0 is the bulk thermal diffusivity and ε is the porosity. Next, we
deduced the λeff by substituting αeff into [26]: λeff = αeff ρ Cp. At room
temperature, the bulk thermal diffusivity (α0), density (ρ) and heat ca-
pacity (Cp) of Ti-6Al-4V are 2.9 × 10−6 m2 s−1 [42], 4420 Kg m−3 [43],
and 546 J Kg−1 K−1 [43], respectively.

2.5. Block samples

2.5.1. Microstructural analysis
The block samples were sectioned into two halves in the X-Z direc-

tion (Fig. 2a) and polished using SiC discs (P400 to P2400 grits) followed
by a 9 μmdiamond suspension and then a 0.05 μmsilica dioxide suspen-
sion, etched by a Kroll reagent for 10 s, and then rinsed in water. They
Table 4
Tortuosity of the sintered Ti-6Al-4V powder quantified by TauFactor [40].

Preheat Tortuosity Ch

τx τy τz τc

Low 3.1 ± 0.3 2.9 ± 0.3 3.9 ± 0.1 3.3
Standard 2.8 ± 0.1 2.5 ± 0.2 3.2 ± 0.3 2.9
High 2.6 ± 0.1 2.6 ± 0.1 3.1 ± 0.4 2.8
were cleanedwith ethanol and dried before SEM imaging. A 2Dporosity
analysis was performed on the SEM-BS images (0.7 μm per pixel) using
ImageJ version 1.51s [44].

2.5.2. Microhardness measurement
We measured the Vickers microhardness (HV 0.5) on the polished

surface of the block sample for each preheat condition along the build
direction (Z) and the transverse direction (Y) (denoted in Fig. 2a)
using a Buehler MicroMet 6030 hardness tester equipped with a dia-
mond indenter. The microhardness test was performed 2 mm away
from the sample edges, covering an area of 10 × 14 mm with 25
indentations.

3. Results and discussion

3.1. Powder characterisation

The gas atomised Ti-6Al-4V powder is mostly spherical, with a few
particles exhibiting open pores and satellites on their surface (Fig. 4a).
The powder size distribution (PSD) is in the range of 31–127 μm
(Fig. 4b), in which the D10, D50, and D90 are given by 45, 62, and 85
μm, respectively. The size and morphology of the Ti-6Al-4V powder
match well with a typical powder used in SEBM [19].

3.2. XCT characterisation of the can-shaped samples

3.2.1. Build errors
We used XCT and 3D image processing to quantify the build error of

can-shaped samples produced by the three different preheat conditions.
Fig. 5a demonstrates a build error map of a can-shaped sample overlaid
onto the reference 3D CAD drawing. For each preheat condition, the
build error results are collated into a cumulative fraction plot, the
lower and upper bounds are two standard deviations from the mean
error. The green, blue and red curves correspond to the low (Fig. 5b),
standard (Fig. 5c), and high preheating conditions (Fig. 5d). The shaded
regions in Fig. 5b–d indicate the process variability of a given preheat
condition, the larger the shaded region the more build errors there
are. The maximum build error for the low, standard, and high preheat
samples are ca. 330, 390, and 400 μm, respectively. The results show
that there is an increase in build error (i.e. a reduction of build accuracy)
as EA increases.

3.2.2. Porosity in the can-shaped samples
The 3D rendered images show the external (Fig. 6a) and internal

structures (Fig. 6b) of the can-shaped samples. Fig. 6c illustrates that
the porosity analysis was only performed on the walls of the can-
shaped samples because the solid walls were subjected to both
preheating and melting. Fig. 6d and Table 2 indicate a decrease in the
overall porosity of the can-shaped samples, the pore volume, and its
size distribution with increasing degree of preheating (or EA). The low
preheat samples exhibit the highest pore volume fraction and a pore
size distribution with the largest mean pore diameter (Table 2). The
standard preheat samples show the lowest standard deviation in the
pore volume fraction which indicates the lowest process variability.
The high preheat samples exhibit the lowest mean pore volume; how-
ever, the large standard deviation value suggests a high degree of
preheating cannot be used in isolation to reduce or eliminate defects.
aracteristic tortuosity Anisotropy of tortuosity Relative στ (%)

στ

± 0.2 0.78 2.2
± 0.2 0.54 1.5
± 0.2 0.35 1



Fig. 7. The influence of applied preheat energy per unit area (EA) on the effective thermal
conductivity (λeff). The vertical line shows the data points when both studies use the same
base sinter setting (EA = 411 kJ m−2). Corresponding lines of best fit for Gusarov
approximation (y = − 2.9x + 1.3) and for the heat flux simulation (y = − 2.5x + 1.2)
are in green and black colours, respectively.

Table 5
The characteristic thermal conductivity (λc) calculated by Taufactor [40]. Note: λc is used interchangeably as λeff.

Preheat Thermal conductivity (W m−1 K−1) Characteristic thermal conductivity (W m−1 K−1)

λx λy λz λc

Low 1.36 ± 0.18 1.45 ± 0.14 1.07 ± 0.04 1.27 ± 0.10
Standard 1.38 ± 0.10 1.53 ± 0.12 1.20 ± 0.06 1.35 ± 0.04
High 1.50 ± 0.07 1.50 ± 0.07 1.30 ± 0.14 1.43 ± 0.07
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3.2.3. The effective thermal conductivity of the powder bed
The effective thermal conductivity (λeff) of the sintered Ti-6Al-4V

powder was calculated by two image-based modelling methods,
namely; (1) using the Gusarov's approximation [27] and (2) using the
heat flux simulation [40]. Table 3 displays dimensionless morphological
parameters of the sintered characteristics and the λeff of the powder
bed. The neck size ratio, Nr, is a measurement of how well particles
are sintered together, i.e. the larger the Nr the better the particles are
sintered. Nr is found to be in the range of 0.30–0.33 across all samples
and slightly above the predicted Nr for laser powder bed fusion
(LPBF), e.g. 0–0.3 [45]. Larger Nr values are found in SEBM compared
to LBPF because (1) SEBM has a longer preheating time (e.g. seconds)
compared to that in LPBF (e.g. milliseconds) and (2) it uses twice the
powder size of that in LPBF [12]. The Nr is closely linked to the volume
fraction of the sintered powder, Pf, because preheating promotes partial
melting at the powder surfaces via liquid phase sintering [46] which in-
volves grain arrangement, formation and densification of the solid skel-
etal network (or sintered powder), so that this increases the Pf whilst
reducing the porosity of the sintered structure. Our calculated Pf values
(0.43–0.48) match well with the value of b0.5 hypothesised by Körner
et al. [47]. The average coordination number, Cn, is very similar for
both standard and high preheat conditions and slightly larger than the
low preheat condition. It indicates that the number of particles that
are in contact with each other did not increase beyond standard
preheating, however, the mean λeff of the powder bed continues to in-
creasewith increasing EA. Given that the standard deviation of λeff is rel-
atively large, more evidence is required to confirm whether the
calculated λeff is statistically significant.

The heat flux simulation results show that the anisotropy of tortuos-
ity, στ, reduces from 0.78 to 0.35 (Table 4) and increases the character-
istic thermal conductivity, τc, gradually from 1.27 ± 0.10 to 1.43 ±
0.07 W m−1 K−1 (Table 5) with an increasing number of scan repeti-
tions (or EA) in the base sinter (preheat 1). This demonstrates that the
structure of the sintered powder becomes more isotropic with a higher
degree of preheating and the thermal conductivity is ca. 30%, 20%, and
10% lower in the Z build direction compared to the lateral X or Y direc-
tion for low, standard, and high preheats, respectively, i.e. λz b λx ≅ λy.
Our 3D quantification results confirm that the sintered powder bed ex-
hibits an anisotropic microstructure and also demonstrate that a high
degree of preheating can reduce the microstructural anisotropy, pro-
moting heat transfer for processing stages.We speculate that themicro-
structural anisotropymay be caused by the preferential electron beam-
powder (or beam-matter) interaction near the powder bed surface
wherein neck formation occurs at the powder bed surface rather than
between powder layers. With a low λz, the contact area between pow-
der layers is expected to be small (Table 3), leading to an inefficient
beam-matter interaction, including local preheating and melting pro-
cesses, [21] promoting defect formation (Table 2). The impact of
preheating onmicrostructural andmechanical properties of AMcompo-
nents will be discussed further in the next section.

The value of λeff estimated by the heat flux simulation shows amuch
lower standard deviation (Table 5) than that predicted by the Gusarov
approximation (Table 3), because the heat flux simulation takes the
local variations of themicrostructure into account whereas the Gusarov
approximation is based on the bulk microstructural characteristics.
Therefore, the heat flux simulation predictions are somewhat more
precise than the Gusarov approximation. Given that both image-based
modelling results are of the same order of magnitude, this suggests
that the increase of λeff with increasing scan repetitions is statistically
significant.

Here, we compare the effects of the base sinter or preheat 1 (current
study) and the local sinter or preheat 2 (Smith et al. [26]) on the λeff of
the powder bed, see Fig. 7, given that both studies used the same set of
beam parameters, including UE, Ib, vsc, and L0. The estimated λeff values
from Tables 3 and 5 are in the same order of magnitude as those ob-
tained from a laser flash experiment by Smith et al. [26] (Fig. 7), sug-
gesting that image-based modelling combined with XCT quantification
analysis is a reliable alternativemethod to deduceλeff. Moreover, our re-
sults reveal and quantify, for the first time, the thermal properties of the
powder bed in 3D.

Fig. 7 shows that λeff increases linearlywith the base sinter energy EA
but it increases non-linearlywith EA in the local sinter [26]. This suggests
thatλeff is not only affected by EA but is also affected by other process pa-
rameters in SEBM. The calculated λeff from Smith et al. [26] study is
much lower than our results because the base sinter's preheat area in
the current study is ca. 10% smaller than that used in their work,
resulting in a higherλeff, i.e. theλeff is affectedmore by reducing the pre-
heat area in base sinter, rather than by increasing scan repetitions in
base sinter.

When the critical EA is below500 kJm−2 (based on theheatflux sim-
ulation) or 625 kJ m−2 (based on Gusarov approximation), the



Fig. 8. Example of etched micrographs from the block samples along the Y-Z plane produced by (a) low, (b) standard, and (c) high preheating conditions in mm scale (top row). High-
resolution SEM images of (d) low, (e) standard, and (f) high preheat sample at 2000× magnification. The red asterisk shows the position of the lack of fusion defect.
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reduction in preheat area combined with increasing scan repetitions in
base sinter is a major contributor to the increase of λeff. Once EA exceeds
the critical value, additional scan repetitions in base sinterwould have a
negligible effect on λeff whereas the increase of scan repetitions in local
sinter will become a dominant factor for the increase of λeff.

3.3. Microstructural properties of the block samples

SEM was used to investigate the effects of preheating on the micro-
structure of the block samples. Fig. 8 shows that all three block samples
exhibit large columnar prior beta grains along the (Z) build direction.
Fig. 8a shows that the low preheat sample contains spherical pores
and lack of fusion defects near the lower part of the sample (see the
red circle and Supplementary Fig. 3). However, the standard (Fig. 8b)
Fig. 9. The hardness measurements on three block samples in the Y-Z plane: (a) an illustration
mean and standard deviation of the microhardness will be calculated in the Y direction; (b) sh
and high preheat (Fig. 8c) samples only exhibit spherical pores. Since
SEBM AM is undertaken under vacuum, these spherical pores may be
formed due to the release of gas from the gas atomised powder during
SEBM [7] whereas lack of fusion defects may be formed due to a low
Pf (or low λeff) in the powder bed [48].

Based on 2D image analysis, the porosity area (%) of low, standard
and high preheat samples are 0.58 ± 0.4% to 0.57 ± 0.3%, and 0.57 ±
0.3%, respectively. These results show a relatively high standard devia-
tion across all samples, suggesting that an increasing number of scan
repetitions or EA in base sinter has a negligible effect on porosity in
large SEBM samples.

Given that all the samples were held at, or above, the preheat tem-
perature during preheating and melting, we speculate that all samples
cool slowly, resulting in Widmanstätten lath-like α phase within a
of the indentation position of the block sample wherein the orange region shows that the
ows the corresponding microhardness plot along the Z distance.
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matrix of β and limiting the possibility of forming α″-martensite [49]
(Fig. 8d–f).

3.4. Mechanical properties of the block samples

We performed microhardness tests on one fully consolidated block
sample for each preheat condition to investigate the effects of
preheating on their local mechanical properties in the Y-Z plane, de-
noted by Fig. 2a. Fig. 9a illustrates the indentation positions on the Y-Z
plane of the block sample. The mean and standard deviation of the mi-
crohardness values of the Ti-6Al-4V block samples are calculated along
the Y direction (highlighted in orange - Fig. 9a) and then plotted against
with various Z height (Fig. 9b). The low, standard, and high preheat
samples have a microhardness of 330 ± 7, 332 ± 5, and 315 ± 11
Hv0.5, respectively.

Fig. 9b shows that the high preheat samples exhibit anisotropic me-
chanical properties and their microhardness is ca. 10% lower than other
block samples (except for themeasurements at Z=15mm). This is be-
cause the high preheat block samples were maintained at 730 °C for at
least twice the preheat time compared to the other block samples, i.e.
subjected to longer annealing. Their microstructure is expected to
coarsen [50], forming large α lathes, resulting in a low microhardness.
In contrast, a sudden increase in microhardness at Z from 12.5 to
15 mm is possibly owing to the fact that the top segment underwent a
shorter annealing cycle than the lower segment and a slightly higher
cooling rate, resulting in a fine grain microstructure with a high hard-
ness value [49,50]. Our results suggest the high preheat samples exhibit
a coarse-to-fine microstructure along the Z build direction [51]. Lastly,
all samples seemed to exhibit a similar microhardness at Z = 15 mm
presumably because there is insufficient annealing to have an effect
on the microstructure.

4. Conclusions

We have investigated the material-process-structure-property rela-
tionships in SEBM by varying the number of scan repetitions or preheat
energy per unit area (EA) in base sinter (Preheat 1). The key conclusions
from this study are as follows:

1) X-ray Computed Tomography (XCT) was employed to quantify the
sintered characteristics of the powder bed, including neck size
ratio, packing fraction, and coordination number, under three differ-
ent preheating strategies. The results reveal that the sintered pow-
der bed exhibits an anisotropic microstructure and show that base
sinter preheating is sufficient to promote powder sintering for SEBM.

2) The tortuosity and effective thermal conductivity (λeff) of the
sintered powder bed were calculated by heat flux simulation and
numerical models using XCT and image-based modelling. Our re-
sults show that λeff increases with increasing EA and decreasing the
size of the build chamber. Under the conditions studied, the thermal
conductivity along the build height (λz) is always higher than that in
other directions, i.e. λx ≅ λy b λz. The anisotropy in thermal conduc-
tivity can be reduced by increasing EA due to an increase in powder
densification.

3) Prolonged preheating has a minimal effect on the porosity of the
SEBM components, however, under the conditions studied it re-
duces the precision and accuracy of the SEBM process. The maxi-
mum build error increases from 330 to 400 μm with increasing EA.

4) Themicrohardness of the SEBM components falls slightly from 330±
7 to 315 ± 11 HV0.5 with increasing EA due to microstructural coars-
ening of Ti-6Al-4V via annealing which can be accelerated by increas-
ing EA and preheating time. The reduction of hardness is more
apparent in the lower segment of the high preheat samples.

5) A medium EA (411 kJ m−2) was found to be the optimum preheat
condition, producing components with a high hardness and moder-
ate build accuracy. There are other benefits in selecting an optimum
preheating strategy, including reduction of the overall build time
and less powder being sintered which improves the powder
recyclability.
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